Introduction
Fire is of great ecologic and economic import since it is the main factor responsible for the loss of forest covered surface in the Mediterranean area; since the late 1980s, Southern Europe (Portugal, Greece, Spain, France and Italy) has lost on average more than 500 000 ha year À1 of forest surface (European Commission, 2006) . Although fires are mostly anthropogenic, knowledge of natural factors favoring fire could assist in forest management which might minimizes the consequences of fire.
Intrigued by the impact of these natural factors, researchers from several disciplines have focused on the variation of plant flammability and fire regimes in relation to: leaf morphology (Montgomery and Cheo, 1971) , canopy architecture (Schwilk, 2003) , floristic compositions (Brooks et al., 2004) , germination strategies (e.g. seeders or resprouters, Scarff and Westoby, 2006) and plant chemical composition, such as water (Trabaud, 1976; Alessio et al., 2008a) , lignin (Mackinnon, 1987) , carbohydrates (Nimour Nour, 1997) and minerals (Mutch and Philpot, 1970) plant contents.
In contrast, flammability changes due to terpene content in plants have received little attention. Terpenes are unsaturated hydrocarbons that belong to a family of natural products issued from plant secondary metabolism and made up of isoprene units (C 5 ). Some of these compounds, such as the volatile monoterpenes (C 10 ) and the semi-volatile sesquiterpenes (C 15 ) respectively, are stored in specialized structures such as lysigenous glands (e.g. in Gossypium hirsutum L.), trichomes (e.g. in Cistus sp.), cavities, ducts, canals, or resin ducts, in conifers (Walter et al., 1989) . These compounds present an elevated flammability (Nuñ ez-Regueira et al., 2005) , owing to their high heating value, relatively low flash point and Low Flammability Limit (LFL), as reported by numerous chemical manufacturers's Material Safety Data Sheets. For instance, limonene (99% purity) shows a flash point of 43 8C and a LFL of 0.7% (Fluka Safety Data) . Therefore, at relatively low temperatures and concentrations, liquid terpenes are capable of generating an ignitable mixture, leading to a flame in the presence of an ignition source, under specific test conditions (Affens and Carhart, 1966) .
Numerous authors have hypothesized or even assumed that terpenes in plants have some responsibility in ecosystem functioning through their impact in flammability and hence fire (White, 1994; Llusià and Peñ uelas, 2000; Nuñ ez-Regueira et al., 2005; Ormeñ o et al., 2007) . White (1994) hypothesized that monoterpenes retained in litter enhance the frequency of fire. Nuñ ez-Regueira et al. (2005) assumed that the starting and spreading of forest fires is directly influenced by the essential oils/ resins contained in the woody species, due to the terpenes therein accumulated.
Nevertheless, in recent studies (Alessio et al., 2008a,b) , the effect of terpene content on leaf flammability was inexistent or inconclusive. Only the study of Owens et al. (1998) has provided clear evidence on the relationship between leaf flammability (consumability) and terpene concentration. These authors reported a higher flammability for green leaves of Juniperus ashei with higher D-limonene concentrations, and the opposite behavior for bornyl acetate. They concluded that terpenes favored green leaf flammability when they were at a liquid state under ambient temperatures.
Surface fuels, such as leaf litter, may also contain important terpene concentrations, as shown by Isidorov et al. (2003) for conifer species. In addition, in semi-arid climates, where above-ground litter accumulation is favored due to low decomposition rates (Mitchell et al., 1986) , surface fuels such as litter seem to be crucial for fire risk since they influence its transmission (Bradstock and Cohn, 2002; Hogkinson, 2002) . In southern Europe, litter of Pinus pinaster Aiton. is of major importance since afforestation of communal lands with dense stands of P. pinaster, rather than Pinus halepensis Mill. and Pinus pinea L., has replaced the traditional matrix of grazed shrublands and pastures in Spain in the 20th century. P. pinaster is also the main conifer used in afforestation in France (Derory et al., 2002) . This species exceeds 4 million ha in the Mediterranean Basin (Alía et al., 1996) and it accounted for 35% of the burned forest area between 1974 and 1994 in Spain (Pausas and Vallejo, 1999) . Besides, 48% of the forested area that burned in the 1990s consisted of pure P. pinaster stands in Portugal (Pereira and Santos, 2003) . Despite the importance of dead matter fuels in wildfire and the accumulation of terpenes within them, the question of whether terpene content increases flammability of this fuel remains unexplored.
The objectives of the present investigation were to evaluate the possibility of using terpene content of leaf litter to estimate flammability changes and temperatures reached during fire, and to establish a flammability ranking for the leaf litter fuels studied. According to Behm et al. (2004) , flammability components analyzed were: (1) ignitability, the time until ignition occurs, when fuel is exposed to a flame or other heat source; (2) combustibility, a reflection of how rapidly or intensely a fuel is consumed by fire; (3) sustainability, a measure of how well a fire burns with or without a heat source; (4) consumability, the quantity of the fuel that is consumed during a fire.
Materials and methods

Sampling and studied species
Flammability tests were performed under controlled conditions on leaf litter of six species: P. pinaster, P. halepensis, P. pinea, Cistus albidus L., Cistus ladanifer L., and Cistus laurifolius L. Mixed leaf litters, formed by the combination of leaf litter of P. pinaster together with that of the other five species (i.e. P. pinaster + P. halepensis, P. pinaster + P. pinea, P. pinaster + C. albidus, P. pinaster + C. ladanifer, P. pinaster + C. laurifolius), were also studied. Hence, a total of eleven leaf litter combinations were analyzed.
Litter After collection, litter of all species was sorted one leaf at a time. Litter from animal origin, stems, cones, branches and leaf litter of other species were removed. As water is recognized as one of the most important factors that influence fire behavior, leaf litter of all species was oven-dried at 40 8C until achieving a constant weight, to avoid the possibility that water mitigates terpene content effect. Drying temperature was close to average maximum summer temperatures often occurring in selected sites. The slight humidity remaining in leaf litter samples was calculated with a moisture analyzer (''Mettler Toledo HB43 halogen''). Remaining humidity accounted for 2-3% of total litter mass and was similar for all types of leaf litter. Flammability measurements took place through June and July 2007.
Flammability and temperature measurements accomplished via a burn table
Fuel burns were performed on a horizontal and fire-resistant table of 2 m long and 1.5 m width, constructed of Barlá n ß material.
In one of the lateral sides of the table, a set of previously calibrated k-type thermocouples of 1 mm diameter was used to register temperature data reached during experimental burns. Three thermocouples were positioned at the litter surface and spaced along the surface of the (Morandini et al., 2001) . Leaf flammability parameters considered during burn tables were (1) combustion time (sustainability measure), measured as the time flame was visible from ignition until fire extinction, (2) spread rate, calculated as the ratio between the length of the burned surface and the residence time, (3) maximal flame height (combustibility measure), calculated by means of marks (labeled posts), taken as reference (4) percentage of burned mass (consumability measure), calculated as the difference between fuel mass before and after flame extinction. In addition to leaf flammability, maximum, minimum and mean temperatures, calculated by considering temperatures recorded in thermocouples, were also measured. Flammability and temperatures were measured on 3 fuel beds for each leaf litter combination. During burns, mean relative humidity and temperature were 51% and 23 8C.
Flammability measurements through epiradiator tests
Leaf litter flammability was determined using a standard epiradiator delivering a 500 W constant nominal power rating (Hernando-Lara, 2000) . The epiradiator showed a surface made of a vitreous fused silica disk of 100 mm diameter generating an infrared wavelength of 300 nm and a surface standard temperature of 420 8C. The produced radiation ranged between 3.0 and 7.5 W/ cm 2 at 30 mm over the silica disk.
For each leaf litter type, flammability was measured on 30 samples of 1.0 AE 0.1 g (Hernando-Lara, 2000; Petriccione et al., 2006; Pellizzaro et al., 2007) , as larger fuel masses increases the possibility that other fuel properties, such as fuel height, are involved in flammability changes. The mass used also appeared to be the most appropriate in the light of the range of flammability observed. Leaf litter was always set in the center of the silica disk. When leaf litter of P. pinaster was burned together with any of the other species, 0.5 g of each leaf litter were used to perform flammability tests.
Flammability parameters measured through this protocol were (1) ignition delay (ignitability measure), considered as the time flame took to appear since fuel was set in the epiradiator, (2) flame residence time (sustainability measure), measured as the time flame was visible, (3) flame intensity (combustibility measure), estimated as a qualitative score assigned according to the maximum flame height. Flame intensity was comprised between 1 and 5 when flame height generated during combustion was <1 cm, between 1 and 3 cm, 4 and 7 cm, 8 and 12 cm or >12 cm, respectively (CEREN, 2006) . All tests were conducted in a closed environment, avoiding any effect associate with the movement of air. During tests, relative mean humidity was 56% and mean temperature 20 8C.
Terpene extraction and analysis
Previous to terpene extraction, leaf litter was mechanically ground with a grinder. Before analysis, ground litter was 12-mesh (1.68 mm) sieved. The extraction method used was that applied in Ormeñ o et al. (2007) for green leaves, but slightly modified. It consisted in dissolving 1 g of leaf DM in 5 ml of organic solvent, for 1 h, under constant shaking at room temperature (Ormeñ o et al., 2007) . For mixed litters (those formed by P. pinaster and any of the other leaf litters) 0.5 g of each species was used for terpene extraction. Cyclohexane was used as organic solvent instead of hexane, as terpene concentration obtained with cyclohexane was 20% higher than that obtained with hexane. Well-filled, tightly closed glass vials wrapped in aluminum foil were used to avoid exposure to light and oxygen (Guenther, 1949 , in Farhat et al., 2001 . For terpene quantification, a non-isoprenoid volatile internal standard (Dodecane) was added at concentrations close to those found in the litter. The extract was stored at À20 8C and then analyzed within the 72 h. Recovery was 92% and mean variation coefficient was 5%. Three terpene extractions (each sample containing 1 g dry litter) were performed for each fuel bed, making a total of 9 extractions per fuel burned on the burn table. Terpene content of litter burned in the epiradiator was calculated as the average of these 9 samples.
Terpene analyses were performed using GC (Gas Chromatography, Hewlett Packard GC6890 1 ) coupled to a Mass Selective Detector (MSD, HP 5973N). Terpene separation was achieved in a HP-5MS capillary column, in constant flow mode. Injection of sampled volumes occurred through an automatic injector (ALS 7683). Helium (99.995%) was used as carrier gas. The oven temperature was initially set at 50 8C and then increased to 160 8C at a rate of 2 8C/min. It then remained constant for 5 min. The parameters of the MSD for electron impact (EI) mode were: ion source: 230 8C; MS quadrupole: 150 8C; electron energy: 70 eve; electron multiplayer energy: 1200 V. Data were acquired in scan mode from 40 to 500 amu. Identity of leaf-stored terpenes was established by comparison of the retention time and the mass spectrum of detected compounds with those of the authentic reference samples (Aldrich-Firmenich). Terpene identity was then confirmed with generated libraries of retention indexes (Adams, 2007) . To calculate terpene concentrations, the integrated area of each peak was multiplied by the appropriate response factor, and divided by the sample volume.
Statistical analyses
Differences in terpene content between the eleven leaf litter fuels were tested using one-way ANOVA followed by a post-hoc Duncan test. Terpene content was previously log-transformed to meet oneway ANOVA assumptions of normality and homoscedasticity. With the epiradiator technique, flammability differences among leaf litter combinations were also tested with a one-way ANOVA. Then, linear simple regression analyses (RA) were used to examine whether fuel flammability was correlated to fuel terpene content. With burn tables, differences in fire behavior (flammability and fire temperatures) among fuel types were assessed with Kruskal-Wallis, followed by the non-parametric post-hoc Newman Student Keuls (NSK) test. Multiple regression analysis (MRA) and RA were used to examine the relative importance of terpene content and bed height as predictor variables of fire behavior (flammability and fire temperatures). The independence of terpene content and bed height was previously tested. The significance level for including predictor variables in the MRA and for accepting the RA was 0.05. When terpene content was significantly correlated to variables describing fire behavior, RA was also performed using concentration of single terpenes. Single terpenes were selected for RA when they were at least present in 9 leaf litter fuels. To test which compounds lead to the most important changes in flammability, differences in slopes for different terpenes were assessed through Covariance analyses (ANCOVA) followed by Duncan multiple range test. Statistical analyses were carried out with Statistical Graphics Plus 1 , version 4.1., R, and Statbas (DOS personal program Pr. P. Francour, University of Nice, France).
Results
Fuel characteristics: leaf litter terpene concentration and bed height
Terpene concentration was significantly different among leaf litter fuels (one-way ANOVA, P < 0.05, Fig. 1 Fig. 1 ). On the contrary, leaf litter of C. ladanifer (5.3 AE 1.5 mg g DM À1 ) and C. laurifolius (6.4 AE 2.4 mg g DM À1 ) showed the lowest leaf litter terpene concentrations. Hence, leaf litter formed by P. pinaster + P. halepensis presented higher terpene concentrations than P. pinaster combined with either P. pinea or Cistus sp. Numerous terpenes were stored in leaf litter of the different species (Table 1) . Except for C. ladanifer, sesquiterpenes were the most representative compounds in leaf litter. C. ladanifer essentially contained sabinene (16.2%), b-pinene (13.9%), p-cymene (12.1%), all of them monoterpenes, and g-cadinene (17%) (sesquiterpene).
Needle litter of P. halepensis showed the highest terpene diversity (thirty four terpenes). b-Caryophyllene (62.0%) and a-humulene (11.3%) showed the highest percentages in respect of total content. P. pinaster and P. pinea contained similar terpene diversities, since nineteen terpenes were detected and quantified in their leaf litter. P.
pinaster mainly contained b-caryophyllene (32.4%) and g-muurolene (17.1%). P. pinea also showed b-caryophyllene as a major component of total terpene content (31.2%), followed by caryophyllene oxide (13.8%). Major compounds in C. albidus were: Fig. 1 . Terpene concentration after log transformation (black bars) and bed height (white bars) of eleven leaf litter fuels. Differences between fuels are tested through one-way ANOVA, followed by Duncan test post-hoc. Differences are denoted by different bold letters for terpene content and italic letters for bed height. a < b < c < d. F: ANOVA value. Bars represent mean AE S.E. (n = 9). Table 1 Terpene composition of leaf litter of three Pinus and Cistus species. Terpene content is expressed in % of the total terpene content.
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a-Thujene caryophyllene oxide (34.3%), followed by ar-curcumene (17.0%). For C. laurifolius, main compounds stored in leaf litter were bcaryophyllene (13.6%), g-muurolene (11.3%), caryophyllene oxide (11.3%), and g-cadinene (10.9%). Special attention was further paid to b-pinene, a-humulene bcaryophyllene, g-cadinene, d-cadinene, g-muurolene, caryophyllene oxide since they appeared as major compounds in some species and were present in most litter types (at least 9 litter types among the 11 studied). Since ar-curcumene and sabinene were absent in most of the fuels (e.g. the former was only detected in C. albidus, Table 1) they were not selected to study in detail their effects on flammability despite being major compounds in some fuels. In contrast, a-pinene was selected, even if this compound was not present as a major compound in any litter, with the exception of C. albidus.
Fuel beds also differed in their height. The highest bed heights appeared for leaf litter of P. pinaster and P. pinaster + P. halepensis (bed height ranged between 4 and 5 cm). The lowest bed thicknesses (2 cm) were those of leaf litter C. ladanifer and C. Only data of fuels where fire was propagated are shown (P. pinaster, P. halepensis, P. pinaster + P. halepensis, P. pinaster + P. pinea, P. pinaster + C. albidus, P. pinaster + C. ladanifer, P. pinaster + C. laurifolius). n = 21, since 3 fuel beds were studied for each fuel type.
Table 2
Flammability properties (fire residence time, flame height, rate of front spread, burned biomass) and temperatures (maximal, minimal and mean) during burns of various fuel beds constituted of leaf litter of different species (values in parenthesis in the mean column correspond to the standard error, n = 3). Results for fuels for which fire was self-extinguished are not shown. Differences between different fuels are tested through Kruskal-Wallis (differences tested on the rank), followed by the post-hoc test NSK (Newman Student Keuls) for non-parametrical tests. Superscript letters in the rank column denote significant differences between fuels (a < b).
laurifolius (Fig. 1) . The rest of leaf litter beds showed intermediate thicknesses ranging from 2.8 to 3.8 cm.
Leaf litter flammability and flame temperatures obtained through burn table and relationship with terpene content
Only leaf litter of P. pinaster and P. halepensis (species with the highest terpene concentrations) sustained fire propagation until complete combustion occurred through the entire fuel bed surface. In other words, fire through leaf litter of P. pinea, and Cistus sp. was always self-extinguished after several cm (less than 10 cm), and subsequent attempts to establish a self-sustaining fire failed. Hence, fire behavior (flammability and temperatures) were computed and monitored for fuel beds formed by leaf litter of P. pinaster, P. halepensis and P. pinaster together with the other five species, as can be checked in Fig. 2 and Table 2 .
Combustion time varied significantly among fuels (KruskalWallis, P < 0.05, Table 2 ). The lowest combustion times (NSK, Table 2 ) occurred for litter beds of P. halepensis and P. pinaster + P. halepensis, whose terpene concentrations were the highest (Duncan test, Fig. 1 ). In comparison, when litter of P. pinaster was burned simultaneously with that of any Cistus species, time during which fire remained active was longer, indicating a longer combustion time and hence a lower sustainability for these fuel beds. Only terpene content explained variations in combustion time (MRA, bed height: P > 0.05 terpene content, P < 0.01, Table 3 ). Combustion time and terpene content exhibited a very strong negative relationship (RA, P < 0.001, Fig. 2A ). Likewise, significant negative linear correlations appeared between combustion time and concentration of a-pinene, a-humulene, b-caryophyllene, gcadinene and caryophyllene oxide (RA, 0.0001 < P < 0.001, Fig. 4A ), with the highest R 2 for caryophyllene oxide (R 2 = 0.61) and the lowest for a-pinene (R 2 = 0.50).
Flame height also varied significantly between fuel beds (Kruskal-Wallis, P < 0.05, Table 2 ). P. pinaster showed the longest flames (100 cm), followed by P. pinaster + P. halepensis and P. halepensis (90 and 85 cm, respectively), while P. pinaster + Cistus sp. showed the lowest flames (between 25.5 and 40.3 cm). Flame height was positively correlated to both bed height and terpene concentration (MRA, bed height: P < 0.001, terpene content: P < 0.01, Table 3 ). A strong linear relationship appeared between flame height and either total terpene content (RA, P < 0.01, Fig. 2B) or bed height (RA, P < 0.0001, Fig. 3A ). Concentrations of a-pinene, a-humulene, b-caryophyllene, g-cadinene and caryophyllene oxide were also significantly correlated to flame height (0.002 < P < 0.007, Fig. 4B ). The linear relationship was especially strong for caryophyllene oxide (R 2 = 0.69) and weaker for a-pinene (R 2 = 0.57). Slopes of the linear relationships were significantly different (ANCOVA, P < 0.05, Fig. 4B ). a-Pinene showed a smaller slope than sesquiterpenes (Duncan test), indicating that flammability is more sensitive to increased sesquiterpene than monoterpene concentration.
Likewise, spread rate was significantly different according to the fuel bed composition (Kruskal-Wallis, P < 0.05, Table 2 ). Fuel of P. pinaster, P. halepensis and P. pinaster + P. halepensis were consumed at a significantly higher mean rate in comparison to the other fuels (NSK, Table 2 ). In contrast, flame progressed slowly when leaf litter beds were formed by P. pinaster + Cistus sp. As for the other flammability properties, intermediate spread rates were obtained when P. pinaster was burned with needle litter of P. pinea. Only terpene content predicted spread rate variations (MRA, bed height: P > 0.05, terpene content: P < 0.05, Table 3 ). Because the highest and the lowest spread rates occurred for leaf litter with the highest and the lowest terpene concentrations respectively, these variables were negatively correlated (RA, P < 0.001, Fig. 2C ). Apart b-pinene and g-muurolene, all terpenes (a-pinene, a-humulene, b-caryophyllene, g-cadinene, d-cadinene and caryophyllene oxide) were significantly correlated to spread rate (RA, 0.001 < P < 0.05, Fig. 4C ). The linear relationship was especially high for caryophyllene oxide (R 2 = 0.83) and lower for cadinene (R 2 = 0.51). Sesquiterpenes showed greater slopes than a-pinene, demonstrating again that increases in sesquiterpene contents resulted in high increases in flammability. Correlations with the rest of fire properties (combustion time and spread rate) were not significant in MRA and are not shown. Only data of fuels where fire was propagated are shown (P. pinaster, P. halepensis, P. pinaster + P. halepensis, P. pinaster + P. pinea, P. pinaster + C. albidus, P. pinaster + C. ladanifer, P. pinaster + C. laurifolius). n = 21, since 3 fuel beds were studied for each fuel type. Percentage of burned biomass was significantly higher during burns of P. pinaster and P. pinaster + P. halepensis, in comparison with P. pinaster + C. albidus and P. pinaster + C. laurifolius (NSK ,  Table 3 ). In contrast to the other variables describing fire behavior, the percentage of burned biomass could only be predicted by bed height instead of terpene content (MRA, bed height: P < 0.05, terpene content: P > 0.05, Table 3 ). Indeed, leaf litter of P.
halepensis exhibited the higher terpene concentration but only showed an intermediate percentage of burned biomass. A significant linear relationship appeared between the percentage of burned biomass and bed height (RA, P < 0.01, Fig. 3B ).
Maximum and minimum temperatures did not significantly vary among the different types of leaf litter (Kruskal-Wallis, P > 0.05, Table 2), whereas significant differences appeared for Correlations with the rest of fire properties (combustion time and spread rate) were not significant in MRA and are not shown. Only data of fuels where fire was propagated are shown (P. pinaster, P. halepensis, P. pinaster + P. halepensis, P. pinaster + P. pinea, P. pinaster + C. albidus, P. pinaster + C. ladanifer, P. pinaster + C. laurifolius). n = 21, since 3 fuel beds were studied for each fuel type. n = 19 for a-pinene, n = 17 for b-pinene and n = 21 for a-humulene, b-caryophyllene, g-cadinene, d-cadinene, and caryophyllene oxide. N varies according to the compound, because some compounds were not present in some fuels (see Table 1 ). mean temperatures (P < 0.05). During burns of leaf litter of P. pinaster + P. halepensis and P. pinaster + C. ladanifer, the lowest and highest mean temperatures occurred, respectively (NSK, Table 2 ). Changes in mean temperature could be significantly estimated by bed height only (MRA, bed height: P < 0.05, terpene content: P > 0.05, Table 3 ). These variables were positively correlated (RA, P < 0.01, Fig. 3C ).
Leaf litter flammability calculated through epiradiator tests and relationship with terpene content
Ignition frequency was 100% for all leaf litter combinations; no significant differences in the ignition delay were observed between different leaf litters (one-way ANOVA, P > 0.05, Fig. 5A ). There was, however, a negative relationship between the ignition delay and leaf litter terpene content (R 2 = 0.40, P < 0.05, Fig. 6A ), indicating that ignitability is favored by high terpene concentrations in leaf litter. With the exception of g-muurolene and d-cadinene, concentration of selected terpenes (a-pinene, b-pinene, ahumulene, b-caryophyllene, g-cadinene and caryophyllene oxide)
was also negatively correlated with the ignition delay (0.0001 < P < 0.04), with the highest R 2 for a-humulene (0.76) and the lowest R 2 for b-caryophyllene (0.38) (Fig. 4A) . No significant differences among their slopes were observed (ANCOVA, P > 0.05, Fig. 7A ), indicating that variations in flammability can be equally estimated from any of these compounds. Flame residence time varied significantly among leaf litters (one-way ANOVA, P < 0.05, Fig. 5B ). For C. ladanifer and C. laurifolius, species with the lowest terpene content, a slower burning time (lower flame residence time) was observed in comparison with the three Pinus species and C. albidus, indicating a lower combustibility (Duncan test, Fig. 5B ). For example, flame residence time for P. halepensis was 70% that of C. laurifolius. A significant negative linear relationship was thereby observed between the flame residence time and leaf litter terpene concentration (R 2 = 0.40, P < 0.05, Fig. 6B ). This linear relationship was found as well for a-pinene, a-humulene, b-caryophyllene, gcadinene, d-cadinene and caryophyllene oxide, with no significant differences among their slopes (ANCOVA, P > 0.05, Fig. 7B ). Flammability intensity (in terms of flame height, see Section 2), was significantly different between fuels (one-way ANOVA, P < 0.05, Fig. 5C ). Leaf litter with the highest terpene concentrations, i.e. P. halepensis, showed significantly higher flammability intensities than P. pinaster. When leaf litter of P. pinaster was burned together with that of P. halepensis, flammability intensity reached values as high as for P. pinaster alone. These three litter fuels presented significantly higher flammability intensities in comparison with any of the other fuels (Duncan test, Fig. 5C ). Because these fuels also showed high terpene concentrations, a positive relationship between flammability intensity and total terpene content appeared (RA, P < 0.05, Fig. 6C ). Additionally, flame intensity could also be significantly estimated from concentration of a-pinene, a-humulene, b-caryophyllene, gcadinene and caryophyllene oxide (RA, 0.002 < P < 0.02, Fig. 7C ).
The relationship was especially high for a-pinene (R 2 = 0.77) and lower for g-cadinene (R 2 = 0.47). There were, however, no significant differences between their slopes (ANCOVA, P > 0.05, Fig. 7C) .
Results of flammability obtained with both the epiradiator and burn table could be summarized as follows: (1) the top flammability leaf litters where those of P. halepensis, P. pinaster and P. pinaster + P. halepensis. Intermediate flammability was observed for P. pinea, C. albidus, P. pinaster + C. albidus and P. pinaster + P. pinea. C. ladanifer, C. laurifolius, while the combination of their litter with that of P. pinaster were the less flammable, (2) Pinus sp. showed overall a higher flammability than Cistus sp. (3) under high terpene concentrations in dead leaves, combustion time (burn table tests), ignition delay, and flame residence time (epiradiator tests) diminish, whereas spread rates (burn table tests) and flame intensity (epiradiator tests) rise. The highest flame heights (burn tables) were related to both high terpene concentrations and bed heights, and the highest percentages of burned biomass were associated with the highest thickness of fuel beds.
Discussion
Leaf litter constitutes the most substantial component of total litter on forest floor (Proksch et al., 1982) . The importance of this non-woody surface fuel in wildfires has been addressed in numerous studies in terms of the effects of its arrangement (Bradstock and Cohn, 2002) and morphology (Scarff and Westoby, 2006) , but no study has attempted to evaluate the relationship between terpene content and a range of different metrics of flammability of leaf litter. Results available in the literature on this relationship regard green leaves, and are controversial. Owens et al. (1998) , in concurrence with this study, showed that terpene concentration in green leaves has a positive effect on leaf flammability. However, these authors measured flammability as the percentage of burned biomass of Juniper ashei J. Buchholz. trees, whereas in the present study, this flammability parameter was correlated to bed thickness and not to terpene content. Alessio et al. (2008a) , contrary to findings herein, showed no significant differences in flammability (time elapsed to reach flame) between Q. ilex and P. halepensis, despite the fact that the former is a nonstoring species while P. halepensis stores important concentrations of terpenes in its needles. Furthermore, Alessio et al. (2008b) showed no significant correlation between leaf terpene content and the ignition delay time for P. halepensis, Rosmarinus officinalis L. and Pistacia lentiscus L., even if this correlation was significant for Globularia alypum.
In spite of little evidence of effects of plant terpene content on fire behavior, it is generally accepted that the presence of terpenes in plants highly increases the risk of wildfires (Nuñ ez-Regueira et al., 2005) . This assumption is based on the evidence that highly flammable gases (volatile organic compounds) accumulate when a species rich in terpenes is submitted to thermal decomposition under conditions of low turbulence: the accumulation of these gases may produce flammable concentrations near leaves and may facilitate the propagation of wildfires (Greenberg et al., 2006) .
Tests with burn tables revealed that fire was self-extinguished for pure fuels formed by leaf litter of P. pinea, C. albidus, C. ladanifer and C. laurifolius. Since these species showed lower terpene contents than P. pinaster and P. halepensis, for which fire was selfspread, this suggests that there might be a lower limit for litter terpene concentration, below which fire is not self-propagated. This hypothesis is based on the fact that any flammable compound or mixture has a minimum concentration (LFL) below which flame is not propagated (Affens and Carhart, 1966) . Scarff and Westoby (2006) also showed that several Callistris conifer species did not self-sustain fire, even if it was also artificially assisted. Similarly, regarding the influence of litter, Bradstock and Cohn (2002) reported limited penetration of a wildfire into Callistris verrucosa stands. As both fuel structure and area-volume ratio are also involved in fire behavior (Fernandes and Rego, 1998; Bilandzija and Lindic, 1993) , and beds of P. pinea, C. albidus, C. ladanifer and C. laurifolius also presented a higher thickness than P. pinaster and P. halepensis, we argue that bed thickness was also likely partially responsible for fire being self-extinguished. Therefore, terpene content could only partially explain why some species were not able to propagate fire.
Classification of natural fuels according to their expected flammability is an essential component of fuel hazard assessment (Dimitrakopoulos, 2001) . In the present study, the highest flammability was assigned to leaf litter of P. halepensis, P. pinaster and P. pinaster + P. halepensis, and the lowest to that of C. laurifolius and C. ladanifer, which is of major importance in the Mediterranean area, where litter production of P. pinaster and P. halepensis is prevalent. For instance, mean litter production of these species in Spain has been reported to be 2400 kg ha À1 year À1 (Regina, 2001 ), 1728-3284 kg ha À1 year À1 (Regina, 2001; Roig et al., 2005) , respectively. We suggest therefore, that the management of dead fuel be given priority in mixed or monospecific dense forests of these Pinus sp. P. pinaster and P. halepensis have already been reported to be highly flammable; P. pinaster is generally known to be highly flammable due to the quality, quantity and structural arrangement of its fuels (Fernandes and Rigolot, 2007) . Nimour Nour (1997) noted that total carbohydrate content of P. halepensis was directly correlated with fire frequency and burned areas during summer. Accordingly to this work, Petriccione et al. (2006) , without attempting to associate litter flammability to any litter chemical property, showed a low or null flammability for Cistus sp. (C. salvifolius, C. lentiscus and C. incanus) in comparison with P. halepensis and P. pinaster. Additionally, Martin and Juhren (1954) suggested that plantations of Cistus sp. could be a useful tool in brush-fire control by improving the effectiveness of fire breaks, based on the observation that several members of the Genus Cistus burned less readily than chaparral species. Mutch (1970) formulated the hypothesis that natural selection would favor the development of highly flammable species that perpetuate a given fire environment. The question arises as to whether highly flammable species, such as P. pinaster and P. halepensis, which have evolved adaptations for surviving against fire, may later benefit from it. For instance, these conifer species mainly produce serotinous cones that represent a fire-survival strategy since they need high temperatures in order to open Fig. 5 . Ignition delay (A), flame residence time (B) and flammability intensity (C) of eleven leaf litter fuels studied with the epiradiator. Flammability intensity is comprised between 1 and 5 when flame height during combustion was <1 cm, between 1 and 3 cm, 4 and 7 cm, 8 and 12 cm or >12 cm, respectively. Differences between fuels for A, B, C and D are tested through ANOVA followed by Duncan posthoc test. Different letters indicate significant differences (a < b < c < d, i.e. ab = a and ab = b), F: ANOVA value; ns: not significant (P > 0.05); ***P < 0.001. Bars represent mean AE S.E. (n = 9). Fig. 6 . Correlation between total terpene concentration (after log transformation) and flammability in terms of ignition delay (A), flame residence time (B) and flame intensity (C) obtained with the epiradiator. Flammability intensity is comprised between 1 and 5 when flame height was <1 cm, between 1 and 3 cm, 4 and 7 cm, 8 and 12 cm or >12 cm, respectively. Each point represents mean AE S.E. for each fuel. The mean for terpene content and flammability was calculated as the average of 9 and 30 samples, respectively. (Tapias et al., 2000) . Nonetheless, these species regenerate profusely after fire, since they reproduce exclusively from seeds (i.e. they do not sprout) and their dispersion hence partially depends on the openness of these cones (Tapias et al., 2000; Ne'eman et al., 2004) . A greater accumulation of terpenes in their green leaves, and the subsequent accumulation of these compounds in their needle litter, would hence allow them to increase fire risk, which in turn would partially increase their odds of dispersal in their environment, subsequent to fire. Plants might thus indirectly influence fire intensity that they and their offspring experience, rather than simply developing traits to survive fire.
Because Pinus sp. were overall more flammable than Cistus sp., these results confirm that narrow needle-like leaves have a higher flammability (Tartaglini et al. 1992 , in, Alessio et al., 2008b . However, since species showing similar leaf morphologies but different terpene concentrations had differences in flammability (e.g. P. pinaster versus P. pinea, or C. albidus versus C. ladanifer), it is suggested that when leaf litter exhibit similar morphologies, terpene concentration might be used as a criterion to estimate their flammability, and therefore their impact on fire in natural ecosystems.
Can we identify compounds accounting for flammability differences between fuels? Results from table burns revealed that flammability is more sensitive to changes in sesquiterpenoid than monoterpenoid concentrations. Particularly, combustion time, flame height and spread rate were more responsive to changes Fig. 7 . Correlation between concentration (after log transformation) of single terpenes and ignition delay (A), flame residence time (B) and flame intensity (C), obtained with the epiradiator. Slope differences are tested with ANCOVA test. Flammability intensity is comprised between 1 and 5 when flame height was < 1 cm, between 1 and 3 cm, 4 and 7 cm, 8 and 12 cm or >12 cm, respectively. Each point represents mean of a fuel type. S.E. are not shown to increase graph visibility. The total number of points (i.e. of fuels) ranges between 9 and 11 according to the compound, since some compounds were not present in some fuels (Table 1) . F: ANCOVA value.
in a-humulene, b-caryophyllene, and caryophyllene oxide concentration than changes in a-pinene and b-pinene. Additionally, these results imply that fuels that diverge principally in their monoterpenoid content are likely to show slight differences in flammability. It is important to note that this assumption would uniquely be applicable if temperatures reached were similar to those recorded in this study. Indeed, under lower temperatures, monoterpenes would volatilize rather sesquiterpenes since they need lower temperatures than sesquiterpenes to volatilize and form an ignitable mixture owing to their lower flash point (e.g. bpinene: 47 8C, b-caryophyllene: 100 8C, caryophyllene oxide: 110 8C, Sigma-Aldrich data).
A different temperature protocol could therefore result in a different flammability ranking. For instance, Petriccione et al. (2006) , using an epiradiator set at 250 8C, reported a higher flammability for P. pinaster needle litter than for P. halepensis, while the opposite trend was found in this study with the epiradiator set at 420 8C. Likewise, fuel flammability may vary according to the technique employed. Flame height was higher for P. pinaster than for P. halepensis during table burns, whereas inversely, P. halepensis showed longer flames than P. pinaster with the epiradiator. Our study reveals that flame height is also clearly sensitive to fuel loads and their arrangement, explaining differences observed between techniques.
Conclusions
This work demonstrates that terpene concentration increases most flammability components of leaf litter (sustainability, ignitability and combustibility) with Pinus sp. containing simultaneously a higher terpene concentration and flammability than Cistus sp. Thereby, in addition to the physical factors of each fuel, terpene accumulation in leaf litter could be considered as a natural chemical factor having an impact in fire risk.
Since needle litter of P. halepensis and P. pinaster were the most flammable, forest ecosystems in which these are the predominant species are anticipated to show a high risk of flammability during summer drought periods, when environmental temperatures and atmospheric stability (absence of turbulences) allow the creation of a highly flammable atmosphere. Although numerous Mediterranean species are prone to fire, owing to their intrinsic morphological and physiological characteristics, the need to find which species are less flammable becomes therefore crucial to minimize fire consequences in the Mediterranean area.
